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In  the  past  decade  nanotechnology  has  developed  in  many  directions.  Nanofluid  is  a  mixture  of 
nanosized  particles  dispersed  in  fluids.  Nanofluids  are  new  generation  heat  transfer  fluids  used  in  heat 
exchangers  for  energy  conservation.  Viscosity  is  an  important  property  particularly  concerning  fluids 
flowing  in  a  tube  in  heat  exchangers.  In  this  regard,  an  attempt  has  been  made  to  review  the  available 
empirical  and  theoretical  correlations  for  the  estimation  of  viscosity  of  nanofluids.  The  review  also 
extended  to  preparation  of  nanofluids,  nanoparticle  volume  concentration,  nanofluid  temperature, 
particle  size  and  type  of  base  fluid  on  viscosity  of  nanofluids.  The  available  experimental  results  clearly 
indicate  that  with  the  dispersion  of  nanoparticles  in  the  base  fluid  viscosity  increases  and  it  further 
increases  with  the  increase  in  particle  volume  concentration.  Viscosity  of  nanofluid  decreases  with 
increase  of  temperature. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Conventional  heat  transfer  fluids  such  as  water,  engine  oil, 
transformer  oil,  ethylene  glycol  and  propylene  glycol  play  an 
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important  role  in  many  industries  such  as  power  generation, 
chemical  production,  air-conditioning,  transportation,  microelec¬ 
tronics  etc.  Several  heat  transfer  enhancement  techniques  are  used 
to  improve  the  heat  transfer  rate  of  such  fluids.  Those  techniques 
are  change  of  flow  geometry  and  boundary  conditions;  improving 
thermophysical  properties  of  fluids  like  increase  of  thermal  con¬ 
ductivity  is  used.  Thermal  conductivity  of  solids  is  higher  than 
fluids.  Because  of  high  thermal  conductivity  of  solids,  many  studies 
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have  been  conducted  on  the  thermal  behavior  of  solid  particles 
dispersed  in  fluids.  The  existing  classical  models  available  in  the 
literature  for  the  estimation  of  thermal  conductivity  of  solid-fluid 
mixtures  are  Maxwells  [1]  and  Hamilton-Crosser  model  [2],  but 
there  is  no  experimental  evidence  to  prove  these  models. 

Dispersion  of  ultrafine  magnetic  solid  particles  in  the  fluids  was 
first  introduced  by  Akoh  et  al.  [3]  who  also  estimated  their 
magnetic  properties.  Later,  Ahuja  [4]  measured  the  thermal  con¬ 
ductivity  and  viscosity  of  50  pm  and  100  pm  polystyrene  spheres 
dispersed  in  aqueous  sodium  chloride  and  glycerin  and  obtained 
3  times  thermal  conductivity  enhancement  compared  to  base 
fluid.  Both  the  above  mentioned  researches  considered  microsize 
particles  and  also  observed  particle  agglomeration  in  the  base 
fluids.  In  a  similar  way  researchers  like  Choi  and  Tran  [5]  and  Choi 
et  al.  [6,7]  at  Argonne  National  Laboratory,  USA,  have  developed 
advanced  fluids  for  industrial  applications,  including  district  heat¬ 
ing  and  cooling  systems  and  they  also  found  particle  agglomera¬ 
tion  in  the  base  fluid.  Masuda  et  al.  [8]  also  used  ultrafine  particles 
of  A1203,  Si02  and  Ti02  dispersed  in  fluids  for  the  estimation  of 
thermal  conductivity  and  viscosity  and  found  better  enhancement. 
Even  though,  they  found  better  enhancement  with  dispersion  of 
particles,  they  also  observed  particles  agglomeration  in  the  base 
fluid.  The  problem  of  particle  agglomeration  is  solved  by  Choi  [9] 
and  his  team  by  inventing  nanometer  sized  solid  particles  in  fluids 
called  as  ‘nanofluid’.  For  the  preparation  of  nanofluids,  commonly 
used  nanoparticles  are  metals  (Al,  Ag,  Cu,  Ni  etc.),  metal-oxides 
(A1203i  CuO,  Fe203,  Fe304,  Si02,  Ti02  etc.),  some  other  compounds 
(A12Cu,  Ag2Cu,  Ag2Cu,  Ag2Al,  AIN,  SiC,  graphene,  carbon  nanotubes 
etc.)  and  commonly  used  base  fluids  are  water,  ethylene  glycol, 
propylene  glycol,  transformer  oil,  engine  oil  etc. 

Many  experimental  investigations  are  available  for  thermal 
conductivity  enhancement  of  nanofluids.  Lee  et  al.  [10]  considered 
A1203  and  CuO  nanofluids  and  found  better  thermal  conductivity 
enhancement  compared  to  base  fluid.  Choi  et  al.  [11]  observed 
160%  thermal  conductivity  enhancement  with  CNTs  dispersed  in 
synthetic  poly(a-olefin)  oil  at  1.0%  volume  concentration. 

The  thermal  properties  of  nanofluids  like  thermal  conductivity, 
viscosity,  density  and  specific  heat  are  very  important,  before 
introducing  the  nanofluids  in  devices  like  heat  exchangers  and 
condensers.  Based  on  the  solid-fluid  homogeneous  models,  the 
properties  like  density  and  specific  heat  can  be  estimated.  The 
other  properties  like  thermal  conductivity  and  viscosity  can  be 
estimated  experimentally.  For  a  nanofluid  flowing  in  a  tube  or  any 
equipment  viscosity  of  the  fluid  plays  an  important  role,  because 
Reynolds  number  of  the  fluid  depends  on  viscosity.  Viscosity 
explains  the  internal  resistance  between  the  fluid  layers.  In  the 
laminar  flow  or  turbulent  flow,  the  pressure  drop  of  the  fluid  is 
directly  proportional  to  the  viscosity  of  fluid  and  it  also  influences 
the  convective  heat  transfer  coefficient.  So,  viscosity  is  also  a  very 
important  property  like  thermal  conductivity,  whenever  a  system 
is  involved  in  a  fluid  flow  [12]. 

In  recent  years,  lot  of  research  progressed  on  the  nanofluids 
related  to  thermal  conductivity  [13-22],  forced  convective  heat 
transfer  in  a  tube  [23-32],  forced  convective  heat  transfer  in  a  tube 
with  inserts  [33-41],  natural  heat  transfer  [42-44],  mixed  convec¬ 
tion  [45],  boiling  heat  transfer  [46-50],  heat  exchangers  [51-55], 
solar  flat  plate  collectors  [56-58],  car  radiators  [59],  slip  mechan¬ 
ism  [60],  electrical  conductivity  [61],  cooling  of  electronic  devices 
[62],  Some  review  papers  [63-66]  have  emphasized  on  the 
thermal  conductivity  of  nanofluids.  Very  few  review  papers  are 
available  on  the  viscosity  of  nanofluids  [67], 

During  experimental  investigations  on  viscosity  of  nanofluids, 
Pak  and  Cho  [68]  investigated  the  viscosity  of  Ti02/water  and 
Al203/water  nanofluids  and  observed  3%  and  200%  enhancement 
respectively  compared  to  base  fluid.  Masuda  et  al.  [69]  measured 
the  viscosity  of  Ti02  27  nm  nanofluid  and  found  60%  enhancement 


at  4.3%  volume  concentration  compared  to  water.  Bobbo  et  al.  [70] 
investigated  the  viscosity  of  SWCNT/water  and  Ti02/water  nano¬ 
fluids  and  found  12.9%  and  6.8%  enhancement  at  1.0%  volume 
concentration  at  283  K  respectively.  Lee  et  al.  [71]  estimated  the 
viscosity  of  Al203/water  nanofluid  and  observed  2.9%  enhance¬ 
ment  at  0.3%  volume  concentration  at  a  temperature  of  21  °C. 
Wang  et  al.  [72]  estimated  the  viscosity  of  A1203  and  CuO 
nanoparticles  dispersed  in  water,  vacuum  pump  fluid,  engine  oil 
and  ethylene  glycol  and  found  30%  enhancement  with  Al203/water 
nanofluid  at  3%  volume  concentration.  They  also  reported  that  the 
enhancement  of  viscosity  is  similar  in  Al203/water  nanofluid  and 
Al203/ethylene  glycol  nanofluid.  Chadwick  et  al.  [73]  studied  the 
rheological  behavior  of  titanium  dioxide  (uncoated  anatase)  in 
ethylene  glycol  and  found  viscosity  enhancement  with  increase  of 
particle  volume  concentration.  Kwak  and  Kim  [74]  observed 
thermal  conductivity  and  viscosity  enhancement  with  CuO  nano¬ 
particles  dispersed  in  ethylene  glycol.  Teipel  and  Forter-Barth  [75] 
prepared  paraffin  oil  and  hydroxyl  hydroxyterminated  polybuta¬ 
diene  (HTPB)  oil  based  aluminum  nanofluid  and  observed  that 
paraffin  oil/aluminum  suspensions  exhibit  non-Newtonian  flow 
behavior  over  a  wide  range  of  concentrations,  whereas  the  HTPB/ 
aluminum  suspensions  exhibit  Newtonian  behavior  up  to  50% 
volume  concentration.  Katiyar  et  al.  [76]  prepared  paraffin  oil 
based  Fe-Ni  nanofluid  and  measured  the  viscosity  in  the  10% 
weight  concentration.  Prasher  et  al.  [77]  observed  the  viscosity 
enhancement  for  Al203/propylene  glycol  nanofluid;  Chen 
et  al.  [78]  found  the  viscosity  enhancement  for  Ti02/water,  Ti02/ 
ethylene  glycol  nanofluid,  TNT/water  nanofluid  and  TNT  / 
ethylene  glycol  nanofluids;  Murshed  et  al.  [79]  observed  the 
viscosity  enhancement  for  ethylene  glycol  based  Ti02  and  A1203 
nanofluids. 

The  application  of  water  based  nanofluids  is  limited  in  subzero 
countries  like  Alaska,  Canada,  Northern  Europe  and  Russia, 
because  water  can  freeze  at  0  °C.  This  can  be  overcome  by  adding 
small  ratio  of  ethylene  gylcol  or  propylene  gylcol  to  water.  By 
adding  these  fluids  to  water  the  freezing  point  of  water  can  be 
reached  to  -35  °C.  Kulkarni  et  al.  [80]  first  time  measured  the 
convective  heat  transfer  and  viscosity  of  60:40%  ethylene  glycol 
and  water  mixture  based  CuO,  A1203  and  Si02  nanofluids  and  also 
evaluated  the  performance  of  these  nanofluids  in  the  heating 
buildings  in  cold  regions.  Naik  and  Sundar  [81]  also  prepared  CuO 
nanofluids  by  considering  70:30%  propylene  gylcol/water  mixture 
as  a  base  fluid  for  the  estimation  of  thermal  conductivity  and 
viscosity  enhancement.  Sundar  et  al.  [82]  prepared  50:50%  ethy¬ 
lene  glycol/water  mixture  based  A1203  and  CuO  nanofluids  for  the 
estimation  of  thermophysical  properties. 

In  the  available  literature  most  of  the  researchers  have 
explained  the  viscosity  of  nanofluids  with  the  effect  of  volume 
concentration  and  temperature.  Some  review  papers  discussed  the 
viscosity  of  nanofluid  but  they  mostly  concentrated  on  the  thermal 
conductivity  of  nanofluids.  Review  papers  like  Das  et  al.  [83]  have 
given  the  importance  of  nanofluid  viscosity,  Keblinski  et  al.  [84], 
Daungthongsuk  and  Wongwises  [85]  mentioned  the  viscosity  of 
nanofluid  for  convective  heat  transfer,  Sridhar  and  Satapathy  [86] 
have  given  the  importance  to  viscosity  of  A1203  based  nanofluids. 
The  mentioned  reviews  are  not  sufficient  for  completely  under¬ 
standing  the  viscosity  behavior  of  nanofluids.  In  this  regard  a 
complete  study  is  required  to  cover  all  the  aspects  of  viscosity  of 
nanofluids. 

In  this  regard,  the  present  review  paper  focuses  on  viscosity  of 
different  kinds  of  nanofluids,  with  effects  of  base  fluids,  volume 
concentration,  temperature,  particle  size,  theoretical  models  and 
developed  correlations. 

Absolute  viscosities  of  different  commonly  used  fluids  are 
summarized  in  Table  1.  The  available  literature  on  viscosity  of 
nanofluids  with  various  parameters  is  shown  in  Table  2. 
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Table  1 

Viscosity  of  some  common  liquids  at  a  temperature  of  30  °C. 


Fluid 

Absolute  viscosity,  (Pa  s) 

Acetic  acid 

0.001155 

Acetone 

0.000316 

Alcohol,  propyl 

0.00192 

Benzene 

0.000601 

Bromine 

0.00095 

Carbon  disulfide 

0.00036 

Carbon  tetrachloride 

0.00091 

Castor  oil 

0.650 

Chloroform 

0.00053 

Decane 

0.000859 

Dodecane 

0.00134 

Ethanol 

0.001095 

Ether 

0.000223 

Ethylene  glycol 

0.0162 

Freon  refrigerant  R-ll 

0.00042 

Glycerin 

0.950 

Heptane 

0.000376 

Hexane 

0.000297 

Kerosene 

0.00164 

Linseed  oil 

0.0331 

Methanol 

0.00056 

Mercury 

0.0015 

Octane 

0.00051 

Phenol 

0.0080 

Propane 

0.00011 

Propylene 

0.00009 

Propylene  glycol 

0.042 

Toluene 

0.000550 

Turpentine 

0.001375 

Water,  Fresh 

0.00089 

20:80%  EG/W 

0.0013 

40:60%  EG/W 

0.00226 

60:40%  EG/W 

0.00384 

30:70%  PG/W 

0.00219 

2.  Methods  for  preparation  of  nanofluids 

2.1.  Single-step  method 

Preparation  of  nanofluid  is  very  important  before  estimating 
the  viscosity  of  nanofluids,  because  particle  sedimentation  in  the 
base  fluid  purely  depends  on  the  preparation  method.  Nanofluids 
are  not  a  simple  mixture  of  solid  particles  dispersed  in  liquids. 
Some  special  preparation  method  is  required  to  obtain  uniform 
suspension,  stable  suspension,  and  less  sedimentation.  Nanofluids 
are  produced  by  dispersing  metal,  metal-oxides,  non-metals  of 
nanometer  size  particles  in  the  base  fluids  like  water,  ethylene 
glycol,  propylene  glycol,  engine  oil  etc. 

The  single-step  method  involves  condensing  nanophase  pow¬ 
ders  from  the  vapour  phase  directly  into  a  flowing  low  vapour 
pressure  liquid  i.e.  nanoparticles  are  made  and  dispersed  in  liquid 
simultaneously.  The  nanoparticles  are  prepared  either  by  using 
physical  vapour  deposition  method  or  liquid  chemical  method. 
The  single  step  method  of  nanofluids  was  first  prepared  by  Akoh 
et  al.  [3]  by  direct  evaporation  approach  method,  which  is  called 
the  vacuum  evaporation  onto  a  running  oil  substrate.  The  idea  of 
their  method  is  to  develop  nanoparticles,  but  the  difficulty  is  to 
separate  the  nanoparticles  from  the  fluids  to  produce  dry  nano¬ 
particles.  Wagener  et  al.  [87]  modified  the  vacuum  evaporation 
onto  a  running  oil  substrate  method  by  employing  high  pressure 
magnetron  sputtering  for  the  preparation  of  suspensions  with 
metal  nanoparticles  such  as  silver  (Ag)  and  iron  (Fe).  Eastman  et  al. 
[13]  also  developed  a  modified  vacuum  evaporation  onto  a  run¬ 
ning  oil  substrate  method,  in  which  Cu  nanoparticles  are  directly 
condensed  into  nanoparticles  by  flowing  low  vapor  pressure  liquid 
like  ethylene  glycol.  Zhu  et  al.  [88]  developed  a  new  single  step 
method  for  the  preparation  of  copper  nanofluids  by  chemical 


reduction  of  CuS04  •  5H20  with  NaH2P02  ■  H20  in  ethylene  glycol 
under  microwave  irradiation.  Zhu  et  al.  [89]  prepared  stable  CuO 
nanofluids  by  using  wet  chemical  method  with  a  particle  diameter 
range  15-50  nm  and  also  studied  various  parameters  like  copper 
salts  reaction  time.  Lo  et  al.  [90]  developed  submerged  arc 
nanoparticle  synthesis  system  for  the  preparation  of  copper 
nanofluids  by  considering  that  pure  copper  is  heated  and  vapor¬ 
ized  by  arc  sparking  between  two  electrodes  which  are  immersed 
in  dielectric  liquids  such  as  water,  pure  ethylene  glycol,  30%,  50%, 
70%  volume  of  ethylene  glycol  mixed  with  de-ionized  water  and 
they  produced  needle-like  structure  with  an  average  width  of 
20  nm  and  length  of  80  nm.  Lo  et  al.  [91]  also  produced  Ni  nano- 
magnetic  fluid  by  using  submerged  arc  nanoparticle  synthesis 
system  by  dispersing  Ni  nanoparticles  in  water,  ethylene  glycol 
and  50%  of  water  and  ethylene  glycol  mixture  with  an  average 
particle  diameter  of  30,  20  and  10  nm  respectively.  The  advantage 
for  this  method  is  that  the  particle  sedimentation  is  very  less 
and  the  disadvantage  is  that  only  low  vapor  pressure  fluids  are 
compatible. 


2.2.  Two-step  method 


In  the  two-step  method,  nanoparticles  are  separated  from  the 
dispersed  fluid.  Basically  chemical  co-precipitation  method  is  used 
to  synthesize  the  nanoparticles.  This  method  involves  a  reaction 
between  reagent  metal  slats  reduced  in  the  dispersant.  Generally 
used  dispersants  are  water,  ethylene  glycol,  glycerin,  acetone, 
methanol,  ethanol  etc.  and  commonly  used  reducing  agents 
are  sodium  hydroxide,  ammonium  hydroxide,  hydrazine  hydrate, 
sodium  borohydrate.  Once  the  chemical  reaction  is  over  the 
precipitate  is  washed  with  water  or  acetone  and  dried  in  the  oven 
for  getting  the  dry  nanoparticles.  In  the  two-step  method  there  is  a 
possibility  of  agglomeration  of  the  particles  in  the  dispersed  fluid. 
Pak  and  Cho  [68]  and  Lee  [10]  used  the  two-step  method  for  the 
preparation  of  A1203  nanofluid.  Xie  et  al.  [92]  prepared  water  and 
ethylene  glycol  based  A1203  nanofluids  by  using  the  two-step 
method.  Hong  [93]  produced  Fe  nanofluids  by  mixing  Fe  nano¬ 
crystalline  powder  in  ethylene  glycol.  For  the  preparation  of 
nanofluids  by  using  the  two-step  method,  the  required  quantity 
of  nanoparticles  can  be  estimated  through  the  following  equation 
for  a  given  volume  concentration. 


Volume  concentration,^  x  100  = 


[  W particle  / P particle ] 


[W particle /p particle]  “F  fluid/ P fluid] 


(1) 


2.3.  Stability  of  nanofluids 

Preparation  of  stable  nanofluids  by  using  the  two-step  method 
is  a  little  bit  difficult.  Nanoparticles  are  easily  settled  in  the  fluids, 
because  of  variation  of  densities  between  solids  and  liquids.  To 
overcome  the  problem  of  particle  sedimentation  in  the  base  fluids, 
several  methods  like  adding  surfactants  and  change  of  pH  of  the 
base  fluids  are  used.  Pak  and  Cho  [68]  used  change  of  pH  of  water 
for  the  preparation  of  stable  A1203  and  Ti02  nanofluids.  They  found 
that  A1203  nanoparticles  are  uniformly  dispersed  in  water  at  a  pH 
of  3  and  Ti02  nanoparticles  are  uniformly  dispersed  in  water  at  a 
pH  of  11.  Similarly  Sundar  et  al.  [30]  also  found  the  uniform 
dispersion  of  Fe304  nanoparticles  in  water  at  a  pH  of  3. 

Xuan  and  Li  [25]  used  adding  surfactant  method  by  considering 
few  drops  of  oleic  acid  for  the  preparation  of  stable  Cu/oil  and 
Cu/water  nanofluids.  Murshed  et  al.  [79]  also  used  adding  surfac¬ 
tant  method  by  considering  Cetyl  Trimethyl  Ammonium  Bromide 
(C-TAB)  surfactant  for  the  preparation  of  stable  A1203  nanofluid. 
However,  these  methods  for  the  preparation  of  stable  nanofluids 
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Table  2 

Available  literature  on  viscosity  of  nanofluid  with  various  parameters. 


Particle 

Size  (nm) 

Base  fluid 

Reference 

AIN 

50 

EG 

Yu  et  al.  [136] 

A1203 

28 

Water,  EG 

Wang  et  al.  [72] 

ai2o3 

30 

Water 

Hwang  et  al.  [31] 

ai2o3 

37 

Water 

Tseng  and  Wu  [171] 

ai203 

28 

EG.VPO,  EO 

Wang  et  al.  [72] 

A1203 

13 

water 

Pak  and  Cho  [68] 

A1203 

27,  40  and  50 

PG 

Prasher  et  al.  [77] 

ai203 

20 

Water 

Mosavian  et  al.  [172] 

A1203 

30 

Water 

Peyghambaradeh  et  al.  [59] 

ai203 

36  and  47 

Water 

Nguyen  et  al.  [121,159] 

ai203 

45 

60:40%  EG/W 

Kulkarni  et  al.  [173] 

ai203 

10 

Water,  EG 

Lu  and  Fan  [174] 

A1203 

80 

Water 

Murshed  et  al.  [79] 

ai203 

40 

Decane 

Schmidt  et  al.  [149] 

ai203 

45  and  150 

Water 

Anoop  et  al.  [156] 

ai203 

<50 

Car  engine  oil 

Kole  and  dey  [143] 

ai203 

25 

CMC 

Hojjat  et  al.  [167] 

ai203 

43 

Water 

Chandrasekar  et  al.  [107] 

ai203 

95  and  100 

EG 

Anoop  et  al.  [156] 

A1203 

42 

Water 

Buschmann  et  al.  [165] 

ai203 

40 

Iso-paraffinic  PAO 

Schmidt  et  al.  [149] 

BaTi03 

580 

Ethanol-Isopropanol 

Tseng  and  Lin  [183] 

CaCo3 

20-50 

Water 

Zhu  et  al.  [153] 

CNT 

200 

Water 

Ding  et  al.  [32] 

CNT 

i  =  30Mm,  d  =  15 

Water,  EG  and  glycerol 

Chen  et  al.  [155] 

Cu 

200 

EG 

Garg  et  al.  [175] 

Cu 

25 

Water 

Mosavian  et  al.  [172] 

CuO 

12 

EG 

Kwak  and  Kim  [74] 

CuO 

50 

Water 

Mosavian  et  al.  [172] 

CuO 

152 

EG 

Anoop  et  al.  [156] 

CuO 

50 

Base  oil 

Saeedinia  et  al.  [160] 

CuO 

29 

60:40%  EG/W 

Namburu  et  al.  [138] 

CuO 

23-37 

Water 

Pastoriza-Gallego  et  al.  [157] 

CuO 

30 

60:40%  EG/W 

Kulkarni  et  al.  [173] 

CuO 

30-50 

CMC 

Hojjat  et  al.  [167] 

CuO 

<50 

70:30%  PG/W 

Naik  and  Sundar  [81] 

CuO 

29 

water 

Nguyen  et  al.  [12,159] 

CuO 

23 

EG.VPO,  EO 

Wang  et  al.  [72] 

Fe203 

20 

Water 

Phuoc  and  Massoudi  [150] 

Fe304 

10 

Diesel  oil,  Polydimethylsiloxane 

Tsai  et  al.  [176] 

Fe304 

11.42 

20:80%,  40:60%,  60:40%  EG/W 

Sundar  et  al.  [146] 

Graphite 

'=0.02 

ATF,  SBO 

Yang  et  al.  [24] 

MWCNT 

20-30 

Water 

Phuoc  et  al.  [177] 

MWCNT 

150-200 

Water 

Amrollahi  et  al.  [181] 

Ni 

300 

Terpineol 

Tseng  and  Chen  [117] 

SiC 

<100 

Water 

Lee  et  al.  [152] 

SiC 

170 

Water 

Yu  et  al.  [164] 

Silver 

<100 

Water 

Godson  et  al.  [123] 

Si02 

35,  94  and  190 

Ethanol 

Chevalier  et  al.  [169] 

Si02 

22 

Water 

Ferrouillat  et  al.  [161] 

Si02 

15 

Synthetic  oil 

Timofeeva  et  al.  [162] 

Si02 

50 

60:40%  EG/W 

Kulkarni  et  al.  [173] 

Si02 

20,  50  and  100 

60:40%  EG/W 

Namburu  et  al.  [140] 

Ti02 

600 

EG 

Chadwick  et  al.  [73] 

Ti02 

20 

Water 

Tseng  and  Lin  [118] 

Ti02 

25 

EG 

Chen  et  al.  [101] 

Ti02 

10 

CMC 

Hojjat  et  al.  [167] 

Ti02 

95,145  and  210 

Water 

He  et  al.  [168] 

Ti02 

21 

Water 

Boboo  et  al.  [70] 

Ti02 

15 

Water 

Murshed  et  al.  [79] 

Ti02 

27 

Water 

Pak  and  Cho  [68] 

Ti02 

25 

Water 

Chen  et  al.  [78] 

Ti02 

21 

Water 

Duangthongsuk  and  Wongwises  [131] 

Ti02 

30 

Water 

Arani  and  Amami  [133] 

Ti02 

21 

Water 

Turgut  et  al.  [158] 

TNT 

L=100,  d=10 

Water 

Chen  et  al.  [178] 

TNT 

L=100,  d=10 

EG 

Chen  et  al.  [179] 

ZnO 

10-20 

EG 

Yu  et  al.  [163] 

ZnO 

67.17 

EG,  glycerol 

Mosavi  et  al.  [180] 

ZnO 

20,40,60 

EG 

White  et  al.  [61] 

can  change  the  thermophysical  properties  of  nanofluids.  But  these 
methods  are  only  able  to  produce  stable  nanofluids  for  more  than 
one  month.  The  proper  method  for  the  preparation  of  nanofluids  is 


not  established  so  far.  Some  more  research  is  needed  for  obtaining 
a  systematic  conclusion  in  this  matter.  Synthesis  process  of  various 
nanofluids  and  its  viscosity  enhancement  are  shown  in  Table  3. 
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Table  3 

Available  literature  on  synthesis  process  and  viscosity  enhancement  of  nanofluids. 


Particle 

Size  (nm) 

Base  fluid 

Synthesis  process 

Vol.  con.  (%) 

Enhancement  (%) 

Reference 

AIN 

50 

EG 

Two-step 

0.1 

1.195 

Yu  et  al.  [136] 

AIN 

50 

PG 

Two-step 

0.1 

1.375 

Yu  et  al.  [136] 

A1203 

<50 

Water 

Two-step 

0.1-1.0 

37-49 

Peyghambarzadeh  et  al.  [59] 

ai2o3 

30 

Water 

Two-step 

0.3 

2.90 

Lee  et  al.  [71] 

ai2o3 

36 

water 

Two-step 

13 

210 

Nguyen  et  al.  [121,159] 

ai2o3 

47 

water 

Two-step 

13 

430 

Nguyen  et  al.  [121,159] 

ai2o3 

<50 

Car  engine  oil 

Two-step 

1.5 

136 

Kole  and  Dey  [143] 

ai203 

43 

water 

Two-step 

5 

136 

Chandrasekar  et  al.  [107] 

ai203 

27,40  and  50 

PG 

Two-step 

3 

29,36,24 

Prasher  et  al.  [77] 

ai203 

80 

water 

Two-step 

5 

82 

Murshed  et  al.  [79] 

ai203 

28 

Water,  EG 

Two-step 

6,3.5 

86,39 

Wang  et  al.  [72] 

ai203 

25 

CMC 

Two-step 

0.2 

Hojjat  et  al.  [167] 

ai203 

45,150,95and  100 

Water 

Two-step 

8, 8, 6, 6 

6,3,77,57 

Anoop  et  al.  [156] 

CaCo3 

50 

Water 

Two-step 

4.11 

69 

Zhu  et  al.  [153] 

Cu 

200 

EG 

Two-step 

2 

24 

Garg  et  al.  [175] 

CuO 

11,37 

Water 

Two-step 

10  wt% 

73,11.5 

Pastoriza-Gallego  et  al.  [157] 

CuO 

152 

E  G 

Two-step 

6 

32 

Anoop  et  al.  [156] 

CuO 

50 

CMC 

Two-step 

0.2 

Hojjat  et  al.  [167] 

Sic 

<100 

Water 

Two-step 

3 

102 

Lee  et  al.  [152] 

Si02 

35,94  and  190 

Ethanol 

Two-step 

5,7,6 

95,85,44 

Chevalier  et  al.  [169] 

Ti02 

15 

Water 

Two-step 

5 

86 

Murshed  et  al.  [79] 

Ti02 

95 

Water 

Two-step 

1.18 

11 

He  et  al.  [168] 

Ti02 

21 

Water 

Two-step 

2 

15 

Duangthongsuk  and  Wongwises  [131] 

Ti02 

10 

CMC 

Two-step 

0.2 

Hojjat  et  al.  [167] 

Ti02 

21 

Water 

Two-step 

3 

135 

Turgut  et  al.  [158] 

3.  Theoretical  models 

Viscosity  is  defined  as  the  resistance  between  two  layers  of  the 
fluids.  Once  the  nanoparticles  are  dispersed  in  the  fluids  there  is  a 
possibility  of  enhancement  in  resistance  between  the  two  layers 
of  the  fluid,  if  the  fluid  subjected  to  shear.  It  causes  enhancement 
in  viscosity  of  the  nanofluid.  This  enhancement  in  viscosity  of 
nanofluid  can  be  estimated  through  solid-fluid  homogenous 
equations.  The  available  theoretical  formulas  for  the  estimation 
of  viscosity  of  nanofluids  have  been  derived  from  the  Einstein  [94] 
model,  which  is  based  on  the  assumption  of  a  linearly  viscous  fluid 
containing  suspensions  of  spherical  particles. 

Mr  =.!K.(l  +  2.5  <p)  (2) 

Mbf 

where  <p  and  p  are  the  particle  volume  concentration  and  viscosity 
respectively.  The  subscripts  bf  nf  and  r  refer  to  the  base  fluid, 
nanofluid  and  the  ratio  of  viscosity  of  nanofluid  to  base  fluid 
respectively.  The  above  equation  is  valid  for  very  low  volume 
concentration  (tp<0.02%).  Although  many  researchers  have  con¬ 
tributed  to  the  correction  of  Einstein's  [94]  formula  based  on  the 
assumption  of  very  slow  flow,  inertial  effect  in  the  fluid  has  been 
considered  negligible  by  the  authors  in  most  of  these  works, 
which  technically  gives  linearity  to  the  equations  of  motion. 
Brinkman  [95]  has  extended  Einstein's  [94]  formula  to  a  moderate 
particle  volume  concentration  up  to  4%. 


subsequent  equation  as  a  Taylor  series  in  q> 

—  =  1  +  2.5  tp  +  "-v-ip2  +  0  ip3  (5) 

Mbf  4 

The  above  equation  is  also  in  the  form  of  the  Einstien  [94]  model, 
if  the  term  (0 ip3)  or  higher  is  neglected.  Batchelor  [98]  considered  the 
effect  due  to  the  Brownian  motion  of  particles  for  an  isotropic 
suspension  of  rigid  and  spherical  particles,  and  proposed 

^  =  1  +  2.5  <p  +  6.5  ip2  (6) 

Mbf 

Graham  [99]  has  proposed  a  generalization  form  of  Eq.  (6).  His 
formula,  which  agrees  well  with  Einstein's  [94]  model  for  low 
value  of  <p,  is  as  follows: 


^  =  1  +  2. 5q>  +  4.5  x 
Mbf 


1 

(h/dp)(2  +  (h/dp))(1  +  (h/dp))2 


(7) 


where  dp  and  h  are  respectively  the  particle  radius  and  the 
interparticle  spacing. 

The  above  models,  Eqs.  (4-6),  predict  the  viscosity  of  nanofluids 
at  very  low  particle  volume  concentrations.  Most  referred  model 
for  high  particles  volume  concentrations  is  given  by  the  Krieger- 
Dougherty  [100]  equation. 


Mnf 

Mbf 


-M  <Pm 


(8) 


ftnf  _  (  1  ^ 

Vbf  \(1-rp)25J 


(3) 


Frankel  and  Acrivos  [96]  have  proposed  another  type  of  correla¬ 
tion  with  the  influence  of  maximum  particle  volume  concentration  as 
follows: 


Pnf  _  1  125  (v/vm)033 
Vbf  [  \-(<p/q>m)033 


(4) 


where  cpm  is  the  maximum  volume  concentration,  which  varies 
from  0.495  to  0.54  under  quiescent  conditions,  and  is  approxi¬ 
mately  0.605  at  high  shear  rates,  ipa  is  the  effective  volume 
concentration  of  aggregates  and  ;/  is  the  intrinsic  viscosity,  whose 
typical  value  for  mono-disperse  suspensions  of  hard  spheres  is  2.5. 
Chen  et  al.  [101]  modified  the  Krieger-Dougherty  [100]  equation 
by  considering,  <pa  =  <p(^)3  D 


Mnf 

Mbf 


(9) 


where  <pm  is  the  experimental  value  for  the  maximum  particle  where  aa  and  a  are  the  radii  of  aggregates  and  primary  nanopar- 
volume  concentration.  Alternatively,  Lundgren  [97]  has  offered  the  tides,  respectively.  The  term  D  is  defined  as  the  fractal  index, 
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which  for  nanoparticles  has  a  typical  value  of  1.8  (Chen  et  al. 
[101]).  A  simple  expression  was  proposed  by  Kitano  et  al.  [102]  by 
involving  maximum  particle  volume  concentration  term  tpm  to 
predict  the  viscosity  of  nanofluids: 


An/  =  f  'aA 

Pbf  V  <Pm) 


(10) 


in  order  to  apply  Eqs.  (8)-(10),  <pm  should  be  calculated. 

A  generalized  equation  for  the  relative  elastic  moduli  of 
composite  materials  was  proposed  by  Nielsen  [103]  for  a  concen¬ 
tration  of  dispersed  particles. 

^=(1  +  1.5  (11) 

Pbf 


Wang  et  al.  [72]  developed  a  model  to  predict  the  viscosity  of 
nanofluid  as  follows: 


—  =  1  +  7.3  tp  +  123  tp2  (12) 

Pbf 

Depending  on  the  physical  state  of  the  phases,  e.g.  solid-solid 
or  solid-liquid,  different  forms  of  representing  concentration 
are  convenient.  In  a  solid-liquid  system,  the  volume  fraction  of  a 
phase  is  more  usual.  In  a  solid-solid  system  the  Fullman  [104] 
model  of  the  mean  free  path  can  also  be  used. 

Mean  free  path  is  defined  as  X  =  ^ d„  (  —  |  (13) 

3  \  ‘Pp  J 


Based  on  the  mean  free  path  X  of  the  nanoparticles  in  the  base 
fluid,  Neto  [105]  proposed  a  correlation,  which  is  given  as 


—  =  a\ 

Pbf  X 


(14) 


where  ‘a’  and  ‘n’  are  constants. 

Noni  et  al.  [106]  have  extended  the  Neto  [105]  equation  and 
proposed  a  viscosity  correlation  based  on  the  experimental  data  in 
the  particle  volume  concentration  from  2%  to  24%  by  considering 
mean  free  path  [104]  of  alumina  (-1.20  |jm)  and  kaolin  ( —  3.73  pm) 
suspended  in  water.  The  constants  'b'  and  'n'  in  Eq.  (15)  are  1631  and 
2.8  and  are  obtained  by  the  least  square  analysis. 


^  =  1  +  b 
Pbf 


(15) 


Chandrasekar  et  al.  [107]  have  considered  Eq.  (15)  for  the 
estimation  of  viscosity  of  A1203  nanofluid  and  the  coefficients 
b  =  5300  and  n  =  2.8  were  obtained  by  the  least  square  method. 

Effective  viscosity  of  particle-fluid  mixture  in  the  exponential 
form  has  been  developed  by  some  researchers.  The  size  of  the 
particles  is  in  the  order  of  micro-size  and  the  empirical  equations 
are  given  below: 


(a)  Mooney  [108]  model  is  valid  in  the  volume  concentration 
(Pmax  =  0.52—0.74. 


Pm  —  ^ 


2.5  <P  \ 
.1  ~itP/ (Pmax'i) 


(16) 


(b)  Thomas  and  Muthukumar  [109] 

pm  =  \  +  2.5  cp  +  10.05<p2  +  0.00273e<16-6«’)  (17) 


(d)  Leighton  and  Acrivos  [111],  maximum  particle  concentration 
tpmax~ 0.58  and  r^ln=3.0 
.  -2 


Pm 


=  1 


Q-5  Pin  (P 
1  ~tP  I  (Pma* 


(19) 


(e)  Barnes  et  al.  [112],  maximum  particle  concentration  ipmax= 
0.63-0.71  and  Wn  =  2.71-3.13 


Pm  = 


-Pm/Vmax 


(20) 


(f)  Cheng  and  Law  [113] 

.  5  35  2  105  3  1155  4  3003  5 

Pm_\+-q,  +  - -cp  +^<p  +^28^  +^56<P  +••• 


(21) 


Pm  —  1  +  2  <P  +  (  -Q-  +  7/I  )  <P 2  + 


+ 


71155 
+  Vl28“ 
73003 
+  (~256~  + 


35  5 

8“  +  4 
935 
IkT 

1125 


7105  35  5  2 

— - — I — , —  0  -t - — 


v  16  +  8  \2iv 


235  2 

96  1 


if 


„  1465  2  95  3  1  * 

64_/^  +  l92“/'  96^  +4g/y 


<Z>5  +  - 


(22) 


where  p  is  called  the  exponent.  If  we  choose  p=  2,  we  obtain 
the  result  very  close  to  the  result  obtained  by  the  Ward  model 
who  suggested  the  following  expression  for  spherical  particles 
with  the  experimental  data  for  the  concentration  up  to  35%: 
(g)  The  Ward  model  cited  by  Graf  [114]: 

=  1  4-  2.5  tpe  +  (2.5  tpe )2  +  (2.5  (pe)^  +  (2.5  tpe)^  +  . . .  (23) 

where  pm  is  the  viscosity  of  particle-fluid  mixture  and  tpe  is  the 
effective  particle  concentration. 


Avsec  and  Oblac  [115]  have  calculated  the  viscosity  of  nano¬ 
fluids  based  on  the  statistical  nanomechanics  based  on  the  Cheng 
and  Las  [113],  and  Ward  models.  They  observed  that  the  models 
predict  very  good  results  for  the  particle-fluid  mixture  with 
particle  size  more  than  100  nm.  If  the  particles  size  is  less  than 
100  nm,  those  models  predict  more  than  100%  deviation  com¬ 
pared  to  the  experimental  results.  Yu  and  Choi  [116]  derived  the 
relation  with  the  effect  of  liquid  layer,  where  monosized  spherical 
particles  of  radius  (r)  and  particle  volume  concentration  ( cp )  are 
suspended  in  liquid  and  (h)  is  the  liquid  layer  thickness  and  the 
expression  is 

Ve  =  <p(^  1+7)  (24) 

It  is  noted  that  for  those  relationships  where  the  so  called 
maximum  concentration  is  included  as  a  parameter,  the  effective 
viscosity  approaches  infinity  when  the  concentration  is  equal 
to  the  maximum  value.  This  may  not  be  physically  reasonable. 
Strictly  speaking,  there  are  only  two  extreme  conditions  that  are 
meaningful  for  the  effective  viscosity.  The  first  condition  is  a 
suspension  without  particles,  implying  that  the  effective  viscosity 
is  the  same  as  the  base  fluid  viscosity.  The  other  is  a  suspension 
without  fluid,  which  would  then  theoretically  behave  as  a  solid 
with  infinite  viscosity. 


(c)  Metzner  [110],  maximum  particle  volume  concentration 
tPmax=  0.68 


f^m  — 


( Pmax/ 


-2 


(18) 


4.  Developed  correlations 

It  is  apparent  from  the  above  theoretical  formulas  that  the 
effective  viscosity  of  a  viscous  fluid  containing  suspended  solid 
particles  is  a  function  only  of  the  base  fluid  viscosity  and  the 
particle  volume  fraction.  In  principle,  all  of  these  formulas  may  be 
used  for  the  determination  of  the  nanofluid  viscosity  provided  that 
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the  linear  fluid  assumption  is  satisfied.  The  limitation  and  the 
applicability  of  such  a  use  are  not  yet  determined.  In  fact, 
practically  none  of  the  above  mentioned  models  can  describe 
the  viscosity  of  nanofluids  exactly  in  a  wide  range  of  the  nano¬ 
particle  volume  fractions.  The  researchers  have  developed  the 
viscosity  of  nanofluid  with  the  effect  of  volume  concentrations  and 
temperatures  based  on  their  experimental  data  in  the  similar  lines 
of  Einstein's  [94],  Brinkman's  [95]  and  Batchelor's  [98]  models. 

Viscosity  correlations  by  suspending  micro-size  particles  in  the 
fluids  by  considering  an  exponential  form  by  Ahuja  et  al.  [4]  with 
particle  sizes  of  50  pm  and  100  pm  of  polystyrene  spheres  sus¬ 
pended  in  aqueous  sodium  chloride  or  glycerin  are  as  given  below: 


/V  _  g(2.5  p/1-1.4  <p) 

Mbf 


(25) 


Tseng  and  Chen  [117]  developed  viscosity  correlation  by  sus¬ 
pending  sub-micrometer  nickel  powders  (~.3pm)  in  terpineol 
solvent  with  weight  concentration  ranging  from  0.5%  to  10.0%  and 
particle  concentration  from  3%  to  10%  with  a  correlation  factor 
R2= 0.9952  which  is  given  as 


=0.4513  e°  6965  p 
Mbf 


(26) 


Tseng  and  Lin  [118]  developed  viscosity  correlation  by  suspend¬ 
ing  Ti02  nanoparticles  (7-20  nm)  in  distilled  water  in  the  particle 
concentration  from  0.05%  to  0.12%  with  a  correlation  factor 
R2  =  0.98  which  is  given  as 


^  =  13.47  e35  98  9 
Mbf 


(27) 


Rea  et  al.  [119]  developed  viscosity  correlation  for  Al203/water 
nanofluids  by  performing  a  least-curve  fitting  based  on  the 
experimental  data  of  Williams  et  al.  [120]  valid  up  to  6.0%  by 
assuming  the  exponential  form. 


Bn f  _  e(4.9V/0.2092-  v) 

Mbf 


(28) 


Rea  et  al.  [119]  also  developed  viscosity  correlation  by  con¬ 
sidering  the  experimental  data  of  Williams  et  al.  [120]  for  zirconi a/ 
water  nanofluids  in  the  volume  concentration  of  3.0%  by  assuming 
the  linear  form  which  can  be  given  as 


^  =  1  +  46.80??  +  550. 82??2 
Mbf 


(29) 


Nguyen  et  al.  [121]  developed  viscosity  correlation  by  disper¬ 
sing  A1203  (36  nm,  47  nm)  and  CuO  (29  nm)  nanoparticles  in 
distilled  water  in  the  exponential  form  and  linear  assumption  of 
fluid. 


«  =  0.904  e0148  'f  (47  nm) 

^  =  1  +  0.025??  +  0.01 5??2  (36  nm) 


A1203  nanofluid 


(30) 


Wang  et  al.  [72]  for  Al203/water  and  Al203/ethylene  glycol  nano¬ 
fluids  by  performing  a  least-square  curve  fitting  which  are  given 
below: 


^  =  1  +  7.3  ??  +  123  ??2  (A1203 /water) 
Mbf 


Mnf 

Mbf 


=  1-0.19  <p  +  306  ?? 2  (Al203/ethylene  glycol) 


(33) 


(34) 


Godson  et  al.  [123]  developed  viscosity  correlation  for  silver/ 
water  nanofluid  with  the  influence  of  particle  volume  concentra¬ 
tion  as  follows: 


(35) 


^  =  1.005  +  0.497  ??-0.1 149  ??2 

Mbf 

0.3%  <rp<  0.9%,  50  °C  <  T  <  90  °C 

The  above  equations  for  viscosity  of  nanofluids  are  a  function  of 
particle  volume  concentration.  But,  practically  viscosity  of  nano¬ 
fluid  also  depends  on  the  temperature.  Some  correlations  are 
available  for  the  estimation  of  viscosity  of  nanofluids  with  the 
effect  of  temperature. 

The  most  referred  equation  on  dynamic  viscosity  of  water  with 
the  influence  of  temperature  is  given  by  Hagen  [124]  as  follows: 

X  104  =  e<!  12646-0.039638  73/(1-0.007297697)  ^6) 

where  T  (K)  is  the  temperature  and  p  in  cP. 

The  White  [125]  formula  for  viscosity  of  water  with  the  effect 
of  temperature  is  as  follows: 

where  (/?0,T0)  are  the  reference  values  and  a  =  -2.10,  £>  =  -4.45, 
c=  6.55 

Andrade's  equation  cited  by  Reid  et  al.  [126]  is  an  exponential 
correlation  between  the  viscosity  of  fluids  and  their  temperature: 

W/=^/r  (38) 

where  A  and  B  are  the  functions  of  volume  concentrations. 

Yaws  [127]  presented  a  viscosity  correlation  for  many  indust¬ 
rially  important  chemical  liquids: 


Lo§(Mbf)  —  A  +  BT  1  +  C7  +  DI2 


(39) 


where  A,  B,  C  and  D  are  the  fitting  parameters. 

Nanofluids  with  the  influence  of  temperature  have  been 
proposed  by  Nguyen  et  al.  [121]  by  considering  A1203  (36  nm 
and  47  nm)  and  CuO  (29  nm)  nanofluids  as  follows: 

^  =  1.1250-0.0071(1.0%) 

«  =  2.1275-0.0215  T  +  0.0002  T2  (4.0%) 

t*bf 


Al203(36  nm,  47  nm)  and  CuO(29  nm) 


(40) 


/<n/  =  1.475-0.319??  +  0.051??2  +  0.009??3  (29  nm)  l  CuO  nanofluid 
Mb/  J 

(31) 


T=  22  C,  1.0%  <rp<  13.0% 

Teipel  and  Forter-Barth  [75]  developed  viscosity  correlation 
by  suspending  sub-micrometer  aluminum  (-30  pm)  dispersed  in 
hydroxy-terminated  polybutadiene  (HTPB)  in  the  concentration 
??=50%  by  assuming  the  linear  viscosity  of  fluid  as  follows: 

^pension  =  1  +  5  5  y_31  4  J  +  74  5  ^  (32) 

Mhtpb 

Maiga  et  al.  [122]  developed  viscosity  correlations  by  consider¬ 
ing  the  experimental  data  of  Masuda  et  al.  [8],  Lee  et  al.  [10]  and 


22  °C  <  T  <  75  °C,  1 .0%  <rp<  9.4% 

Abu-Nada  [128]  developed  another  viscosity  correlation  based 
on  the  experimental  data  of  Nguyen  et  al.  [121]  for  A1203  nano¬ 
fluids  by  considering  two  dimensional  regression  analyses  as  a 
function  of  volume  concentration  and  temperature  with  a  correla¬ 
tion  factor  R2  =  0.998  as  follows: 


Mnf  ~  — 0.155 

27463.863 


19  582  +  0.794  cp  +  2094_47  _0. 192  ??2-8.1 1  Z 
T  f  T 

2 

,  +  0.0127  ?>3  +  1.6044  ^+2.175  X,  (41) 

r  T  T 


Hosseini  et  al.  [129]  also  developed  another  viscosity  correla¬ 
tion  based  on  the  experimental  data  of  Nguyen  et  al.  [121]  for 
Al203/water  nanofluids  by  considering  the  least-square  regression 
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technique  with  the  influence  of  volume  concentration,  nanoparti¬ 
cle  size,  effect  of  the  capping  layer  and  temperature. 


Pbf 


=  exp 


m  +  a 


+  P(v)  +  r 


(42) 


where  cp  is  the  percentage  of  volume  concentration  1%  and  4%, 
m  =  0.72  ,  a=  -0.485,  /?=  14.94,  y=  0.0105,  T0= 20  °C  and  capping 
layer  thickness  r=  1. 

Masoumi  et  al.  [130]  developed  a  new  viscosity  correlation  by 
considering  A1203  (13  and  28  nm)  nanoparticles  in  water  with 
limited  experimental  data. 


PpVB  d l 

Rnf=Hbf  +  72  CS 


(43) 


l\pJXandc= ^(av,+b} 


like  particles  (CNTs). 

“  =  (1  +i]<p)  (49) 

Bbf 

0.312  r  ^  0.5  1.872 

n~  ln(2r-1.5)  +  2  ln(2r-1.5)  r 

where  aspect  ratio  r=I/D,  1= length  of  carbon  nanotubes  and 
D=  diameter. 

Yu  et  al.  [136]  presented  a  viscosity  correlation  for  the  disper¬ 
sion  of  170  nm  size  SiC  particles  dispersed  in  water  with  effect  of 
temperature  and  the  correlation  is  valid  up  to  particle  volume 
concentration  of  3.7%. 

^n/  =  0.00496  e°7366/T)  (50) 

Rbf 

0  <  ip  <  3.7%,  25  °C  <  T  <  70  °C 


The  second  term  in  above  Eq.  (43)  is  the  apparent  viscosity 
arising  from  the  effects  of  nanoparticles  in  the  fluid  and  6  is  the 
distance  between  the  centers  of  the  nanoparticles  and  C  is  the 
correction  factor. 

Duangthongsuk  and  Wongwises  [131]  developed  a  correlation 
for  the  estimation  of  viscosity  of  Ti02/water  nanofluid  in  the 
volume  concentration  range  0.2%  to  2.0%  as  follows: 

—  =  (a  +  b  cp  +  c  cp2)  (44) 

Rbf 

T  =  15  °C=s>a  =  1.0226,  b  =  0.0477,  c  = -0.0112 
T=  25  DC=>a  =  1.013,  b  =  0.0920,  c=-0.015 
T=  35  °C^a  =  1.018,  b  =  0.112,  c  =  -0.0177 


where  T  is  the  temperature  in  the  unit  of  Kelvin  and  /(  is  the 
viscosity  in  centipoise. 

Prasher  et  al.  [77]  estimated  the  viscosity  of  propylene  glycol 
based  A1203  nanofluid  in  the  volume  concentration  from  0.5%  to 
3.0%  with  the  temperature  ranging  from  30  °C  to  60  °C.  They 
observed  viscosity  enhancement  of  4  times  more  than  the  thermal 
conductivity  enhancement  and  also  proposed  correlation  with 
C„=10. 


Mnf 

Mbf 


1  +  Cpcp 


(51) 


Kulkarni  et  al.  [137]  measured  the  viscosity  of  CuO  (29  nm)/ 
water  nanofluid  and  presented  a  correlation  in  the  temperature 
range  of  5-50  °C  in  which  constants  A  and  B  are  the  functions  of 
volume  concentration. 


Boboo  et  al.  [70]  have  proposed  the  viscosity  correlation  based 
on  the  experimental  data  valid  up  to  1.0%  volume  concentration. 


LogC «nf)  =  A 


-B 


(52) 


—S  =  1  +  a  cp  +  b  cp2  (45) 

Rbf 

a  =  -0.50437,  fa  =  1.744  (MWCNT/water) 

a  =  0.36838,  fa  =  0.25271  (Ti02/water) 

Corcione  [132]  developed  viscosity  correlation  by  considering 
the  various  researchers  experimental  data. 


Rbf  1-34.87 (dp/dfr03(q>)103 

where  dp  is  the  diameter  of  particle,  df  is  the  equivalent  diameter  of  the 
base  fluid  molecule,  df  =  0.1(6M/N  npf )1/3,  M  is  the  molecular  weight 
of  the  base  fluid,  pf  is  the  mass  density  of  base  fluid  at  a  temperature  of 
293  K  and  Avogadro  number  (N  =  6.022  x  1023  mol-1).  Arani  and 
Amani  [133]  used  Eq.  (46)  for  the  estimation  of  viscosity  of  Ti02/water 
nanofluid  in  the  volume  concentration  range  from  0.01%  to  0.02%  in 
the  temperature  range  from  20  °C  to  60  C. 

Vakili-Nezhaad  and  Dorany  [134]  proposed  viscosity  correla¬ 
tion  by  dispersing  single  walled  carbon  nanotubes  (SWCNTs)  in 
lubricating  oil  with  the  influence  of  particle  volume  concentration 
and  temperature. 

—  =  1  +  1.59<p-16.36<p2  +  50.4</?3  (volume  concentration)  (47) 

Rbf 

^  =  0.2  T2-30.3  T  +  1048  (Temperature)  (48) 

Mbf 

0.01  <  cp  <  0.2%,  25  °C  <  T  <  100  C 

Brenner  and  Condiff  [135]  have  developed  a  viscosity  model  for 
non-spherical  particles  by  considering  the  shape  effects  for  rod 


Namburu  et  al.  [138]  first  time  prepared  60:40%  ethylene 
glycol/water  mixture  based  CuO  nanofluid  and  also  developed 
correlations.  This  60:40%  ethylene  glycol/water  mixture  is  the 
mostly  used  fluid  in  building  heating  and  cooling  and  in  auto¬ 
mobile  radiators  in  cold  regions  of  the  world. 

Log  (nnf)  =  Ae~BT  (53) 

A  =  1.8375  (<p)2 -29.640/))  +  165.56(R2  =  0.9873) 

B  =  4  x  10“s(¥7)2-0.001(¥7)  +  0.0186(R2  =  0.9881) 

-35  C  <  T  <  50  °C  ,  1 .0%  <  <p  <  6.12% 

Namburu  et  al.  [139]  also  prepared  60:40%  ethylene  glycol/ 
water  mixture  based  A1203  nanofluid  and  proposed  correlation  in 
the  similar  lines  of  Eq.  (53)  with  different  values  of  constants  A 
and  B. 


Log  (pnf)  =  AeBT  (54) 

A  =  -0.29956  cp 3  +  6.7388  ^2-55.444  cp  +  236.1 1  (R2  =  0.9978)  | 

g _  (-6.4745  ffl3+140.03  f,/'  - 1 478  5  I  20341 )  ^2  _ q  9994)  f 

A1203  nanofluid-35  °C  <  T  <  50  °C,  1%  <cp<  10% 

Namburu  et  al.  [140]  also  prepared  60:40%  ethylene  glycol/ 
water  mixture  based  Si02  nanofluid  and  also  proposed  correlation 
similar  to  Eq.  (53). 

Log(/<„/)  =  Ae-BT  (55) 


A  =  0.2339i/73-3.8943(/72  +  7.1232  +  155.06(R2  =  0.9904) 
B  =  -7  x  10“V-0.0004r/7  +  0.0192(  R2  =  0.9925) 
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Si02  nanofluid 


2.0%  =>A  =  -3.3289,  6  =  0.98375,  C  =  -144.48 


-35  C  <  T  <  50  °C,  2  <  rp  <  10% 

Sahoo  et  al.  [141]  extended  the  experimental  data  of  Namburu 
et  al.  [138]  by  considering  60:40%  ethylene  glycol/water  based 
A1203  nanofluid  in  the  volume  concentration  range  1.0-10%  in  the 
temperature  range  from  -35  C  to  90  °C. 

finf  =  /\edB/T'i+c<p)  (56) 

-35  °C  <  T  <  0  =>A  =  1 .2200  x  10“6,  B  =  4285, 

C=0.1448(R2  =  0.9984) 


4.0%  =»A  =  - 3.2517,  6  =  0.91226,  C=-150.74 

8.0%  =>A  =  -3.7005,  6=1.08082,  C= -138.30 

Kole  and  Dey  [145]  measured  the  viscosity  of  gear  oil  (IBP 
Haulic-68)  based  CuO  nanofluid  and  developed  correlation  in  the 
similar  lines  of  Eq.  (60)  proposed  by  Chen  et  al.  [101]. 

If/V  =A  +  1000  (T  +  (61) 

0.005%  => A  =  -0.70784,  6  =  0.70912,  C= -171.049 


0  °C<T<90  ^A  =  2.3920  x  10“4,  6  =  2903, 

C=0.1265(R2  =  0.9958) 

Vajjha  and  Das  [142]  carefully  analyzed  all  the  experimental 
data  of  Namburu  et  al.  [138,139]  and  Sahoo  et  al.  [141]  to  develop  a 
general  correlation  for  viscosity  of  these  nanofluids.  They  derived  a 
correlation  which  expressed  the  viscosity  in  a  non-dimensional 
form,  valid  for  A1203,  CuO  and  Si02  nanofluid  in  the  temperature 
range  20  °C  <  T<  90  "C 

lJjl=Ae(B<p)  (57) 

Abf 

0<ip<0.1%=^A  =  0.983,  6=  12.959  (A1203  nanofluid) 

0  <  <p  <  0.06%=>A  =  0.9197,  6  =  22.8539  (CuO  nanofluid) 


0.010%=^A  =  -1.11379,  6  =  1.23013,  C= -104.976 
0.015%  =>A  =  -4.94087,  6  =  3.37827,  C  = -26.2139 
0.020%  =>A  =  -1.10774,  6=1.43086,  C  = -87.08024 

0.025%  =>A  =  -1.61144,  6  =  0.57409,  C  =  -160.0491 

Sundar  et  al.  [146]  estimated  viscosity  of  20:80%,  40:60%  and 
60:40%  ethylene  glycol/water  mixture  based  magnetic  Fe304 
nanofluid  and  proposed  correlations: 

^  =  (1  +  <p)0-68  (20  :  80%  and  40  :  60%  EG/W)  (62) 

Rbf 

^  =  (1  +  ¥,)1-205  (60  :  40%  EG/W)  (63) 

Abf 


0<rp<0.1%=^A=  1.092,  6  =  5.954  (Si02  nanofluid,  20  nm) 

0  <tp<  0.1%=*-A  =  0.9693,  6  =  7.074  (Si02nanofluid,  50  nm) 

0  <  <p  <  0.1%=^A  =  1.005,  5  =  4.669  (Si02  nanofluid,  100  nm) 

Kole  and  Dey  [143]  estimated  visocsity  of  50:50%  propylene 
glycol/water  (car  engine  coolant)  mixture  based  A1203  nanofluid  in 
the  volume  concentration  from  0.001%  to  0.015%  and  in  the 
temprature  range  of  10-50  °C.  They  used  Eq.  (53)  of  Namburu 
et  al.  [137]  for  the  estimation  of  constants  A  and  6  with  correlation 
factor  R2=0.99. 


0  <  cp  <  1 .0%,  0  °C  <  T  <  50  °C 

Duan  et  al.  [147]  developed  a  viscosity  correlation  for  graphite/ 
water  nanofluid  by  assuming  that  nanofluid  is  a  pseudoplastic 
fluid  in  the  volume  concentrations  range  of  1-  4%  and  R  is  the 
shear  rate. 


Rnf-Roo  _  1 

Abf-A co  1  +  a  Rn 


(64) 


1.0%  =>itbf  =  5.02911  x  1010,  Mcc  =  0.0009687,  a  =  3.64600 
x  1012,  n  =  0.577278 


Log (ftnf)=Ae  BT 

0.001%  =>  A  =  1.83442,  6  =  0.01345 


(58)  2.0%=^6/=  1.07711  x  10”,  /<„  =  0.0016582,  a=  1.81188 

x  1012,  n  =  0.814235 


0.004%  =>  A  =  1.88642,  6  =  0.01244 
0.007%  ^  A  =1.98529,  6  =  0.01226 


3.0%=>^b/  =  4.85370  x  1011,  ^  =  0.0021893,  a  =  4.57560 
x  1012,  n  =  0.632872 


0.010%  =>  A  =1.98752,  6  =  0.01128 
0.015%  =>  A  =  2.13550,  6  =  0.00999 


4.0%  ^iibf  =  1.11869  x  1013,  =  0.0025989,  a  =  5.03442 

x  1013,  n  =  0.689077 


Chen  et  al.  [101]  measured  the  viscosity  of  ethylene  glycol 
based  Ti02  nanofluid  and  proposed  correlations  with  the  effect  of 
weight  concentration  and  temperature  separately.  The  correlation 
for  nanofluid  with  effect  of  temperature  is  derived  based  on  the 
Andrade  equation  [144]  of  ln^  =  A  +  |,  with  a  little  bit  of  mod¬ 
ification  and  another  parameter  C  is  introduced  as  follows: 

—  =  1  +  10. &cp  +  10.6 tp2  (Effect  of  weight  concentration)  (59) 
hbf 


In fjnf  =  A+  1000 


6 

(T  +  Cj 


(Effect  of  temperature) 


(60) 


0.5%  =>A  =  -3.2114,  6  =  0.86285,  C= -155.13 


1.0%  =>  A  =  -3.1820,  6  =  0.91603,  C  =  -150.35 


Naik  and  Sundar  [81]  developed  a  simple  viscosity  correlation 
for  30:70%  propylene  glycol/water  mixture  based  CuO  nanofluid 
with  the  effect  of  particle  volume  concentration  and  temperature. 

^=3.444(^)  /-1829  (65) 

Vbf  \  '  min  J 

T max  =  60  °C,  Tmin  =  5  C  0  <  cp  <  1 .2% 

Experimental  correlations  for  the  viscosity  of  nanofluids  pro¬ 
posed  by  various  researchers  are  summarized  in  Table  4. 

5.  Experimental  investigations 

The  theoretical  models  for  viscosity  of  nanofluids  are  suitable 
only  for  very  low  volume  concentration.  These  correlations  failed 
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Table  4 

Available  correlations  in  the  literature  for  viscosity  of  different  kinds  of  nanofluids  with  different  volume  concentrations. 


Correlation 

Particle 

Base  fluid 

Vol.  con.  (%) 

Log(\inf)=Ae~BT 

A1203 

60:40%  EG/W 

1.0-10 

=  1.1250-0.007  7(1.0%) 

vbf  ' 

A1203  and  CuO 

Water 

1.0-9.4 

=2.1275-0.0215  T  +  0.0002  T2(4.0%) 

«  =  l  +  7.3¥,  +  123«,2 

A1203 

Water 

0.0-6.0 

=  1  +  5.5«,-31  A, »2  +  74.5  ™3 

Mhtpb 

A1203 

HTPB 

50.0 

^  =  t-0A9ip  +  306ip2 

A1203 

EG 

=  0.904  e° 148  '”(47  nm) 

«  =  1  +  0.025^  +  0.015^(36  nm) 

A1203 

Water 

1.0-13.0 

Mn f  £,(4.91  <p/0. 2092-<p) 

Mbf  ~ 

ai2o3 

Water 

0.0-6.0 

%  = 1+c^ 

ai2o3 

PG 

0.5-3. 0 

pn/=Ae«Bm+y 

A1203 

60:40%  EG/W 

1.0-10.0 

Login  „/)  =& e~BT 

A1203 

50:50%  PG/W 

0.001-0.015 

doL  =  a  e(B<p) 

A1203,  CuO  and 

60:40%  EG/W 

0.0-0.1,  0.0-0.06, 

Si02 

0.0-0.1 

«=<1+W) 

CNT 

Water 

's'  =  3  444fp®j°‘51V1829 

Mb f  \ 1  min )  ' 

CuO 

30:70%  PG/W 

0.0-1.2 

ln^„/=A+1000.fT|c; 

CuO 

Gear  oil  (IBP  Haulic-68) 

0.005-0.025 

Login„f)  =A  e~BT 

CuO 

60:40% 

1.0-6.12 

Login„f)  =  A(f)-B 

CuO 

Water 

1.0-6.12 

j's'  =  1.475-0.319^  +  0.05V  +  0.009^ 

CuO 

Water 

1.0-13.0 

Mnf-Mcc  _  1 

Mbf  ~Moo  1+aR" 

Graphene 

Water 

1.0-4.0 

«  =  (1  +  ipf 63 

Mbf  v 

Fe304 

20:80%,  40:60%  EG/W 

0.0-1.0 

=(1  +p)1205 

Mbf  v 

Fe304 

60:40%  EG/W 

0.0-1. 0 

^  =  1  +  aw  +  bq>2  a  =  -0.50437,  b  =  1 .744 

Mbf  '  “ 

MWCNT 

Water 

0.0-1.0 

Mnf  _  o  45 1 3  £0.6965<p 

Nickel 

Terpineol 

0.5-10 

«  =  1  +  1.59</;-16.36<p2  +  B0  Aip2 

SWCNT 

Lubricating  oil 

0.01-0.2 

"s'  =  0.2T2-30.3T  +  1048 

SWCNT 

Lubricating  oil 

0.01-0.2 

Mbf 

Mnf  _  g(2.5<p/l-1.4#i) 

Polystyrene 

Sodium  chloride  or 

0-8.2 

m 

spheres 

glycerin 

«  =  1.005  +  0.497^-0.1 149,?2 

Silver 

Water 

0.3-0.9 

'‘s'  =0.00496e(17366/r> 

Mbf 

SiC 

Water 

0.0-3. 7 

Login „/)  =A  o~BT 

Si02 

60:40%  EG/W 

2.0-10.0 

l^f=\  +  \0&p  +  \0.0ip2 

Ti02 

EG 

0.5-8.0 

iH/'n/  =A  +  1000.^|^ 

Ti02 

EG 

0.5-8.0 
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Note:  EG — ethylene  glycol,  PG — propylene  glycol,  CMC — carboxymethlecellulose,  ATF — automatic  transmission  fluid,  SBO — synthetic  base  oil,  VPO — vaccum  pump  oil, 
EO — engine  oil,  EG/W — ethylene  glycol  and  water  mixture,  HTPB — hydroxy-terminated  polybutadiene,  T — temperature,  V — volume  concentration. 


to  predict  the  nanofluid  viscosity  for  higher  volume  concentra¬ 
tions.  The  models  are  derived  based  on  linear  assumptions  of 
viscosity  of  base  fluid  and  it  is  a  function  of  base  fluid  viscosity  and 
volume  concentration.  In  actual  practice  viscosity  of  base  fluid  also 
depends  on  the  temperature.  The  viscosity  models  failed  to  predict 
the  viscosity  of  nanofluid  with  the  influence  of  temperature.  For 
fully  understanding  the  viscosity  of  nanofluids  with  the  influence 
of  volume  concentration,  temperature,  particle  size  and  base  fluid 
an  experimental  investigation  is  needed. 

5.1.  Effect  of  concentration 

Viscosity  of  nanofluid  increases  with  the  increase  of  particle 
volume  concentration  in  the  base  fluid.  Initial  viscosity  measurements 


with  the  dispersion  of  micrometer  sized  polystyrene  spheres  in 
aqueous  sodium  chloride  were  performed  by  Ahuja  [4]  who  found 
better  viscosity  enhancement  compared  to  base  fluid.  After  the 
invention  of  nanometer  sized  particles  first  time  Masuda  et  al.  [8] 
measured  the  viscosity  of  Al203,  Si02,  and  Ti02  ultrafine  particles 
dispersed  in  water  and  found  better  viscosity  enhancement.  Pak  and 
Choi  [68]  measured  the  viscosity  of  A1203  and  Ti02  nanofluids  in  the 
volume  concentration  from  1.0%  to  10%  and  found  viscosity  enhance¬ 
ment.  Kwak  and  Kim  [74]  measured  the  viscosity  of  CuO/ethylene 
glycol  nanofluid  and  obtained  viscosity  enhancement  with  the  addi¬ 
tion  of  nanoparticles.  Chen  et  al.  [78]  measured  the  rheological 
behavior  of  titanate  nanotubes  (TNTs)  dispersed  in  ethylene  glycol 
and  found  that  the  viscosity  enhancements  of  various  particle  volume 
concentrations  of  0.5%,  1.0%,  2.0%,  4.0%  and  0.8%  are  3.3%,  7%,  16.22%, 
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26.34%  and  70.96%  respectively.  Chandrasekar  et  al.  [107]  obtained  a 
maximum  viscosity  enhancement  of  136%  at  5%  volume  concentration 
of  Al203/water  nanofluid.  Nguyen  et  al.  [121]  obtained  210%  viscosity 
enhancement  with  13%  volume  concentration  of  Al203/water  nano¬ 
fluid  and  also  proposed  a  viscosity  correlation  with  the  effect  of 
particles  concentration  and  temperature.  Das  et  al.  [83]  and  Putra  et  al. 

[148]  have  obtained  the  Newtonian  behavior  of  Al203/water  nanofluid 
in  the  measured  volume  concentration  of  4%  and  found  viscosity 
increases  with  the  increase  of  particle  concentration.  Masuda  et  al.  [8] 
obtained  86%  viscosity  enhancement  with  5.0%  volume  concentration 
of  Ti02/water  nanofluid.  Boboo  et  al.  [70]  obtained  visocsity  enhnac- 
ment  of  12.9%  for  SWCNT/water  and  6.8%  viscosity  enhancement  for 
Ti02/water  nanofluid  at  1.0%  volume  concentration  compared  to  base 
fluid.  Lee  et  al.  [10]  observed  viscosity  enhancement  of  2.90%  for 
Al203/water  nanofluid  at  0.3%  at  21  °C  temperature.  Schmidt  et  al. 

[149]  measured  the  viscosity  of  A1203  nanoparticles  dispersed  in 
decane  and  isoparaffinic  polyalphaolefin  (PAO)  in  the  volume  con¬ 
centration  of  0.25-1.0%.  Phuoc  and  Massoudi  [150]  measured  the 
viscosity  of  Fe203/water  nanofluid  by  considering  polyvinylpyrroli¬ 
done  (PVP)  or  polyethylene  oxide  (PEO)  as  a  surfactant  and  they 
observed  that  Fe203  nanofluid  with  0.2%  PVP  has  Newtonian  behavior 
up  to  <p  <  0.02%  and  as  the  concentration  increases  more  than  0.02%  it 
shows  non-Newtonian  behavior  and  similar  results  were  also 
observed  with  0.2%  PEO  surfactant.  Anoop  et  al.  [151]  observed 
maximum  viscosity  enhancement  of  32%  with  6.0%  volume  concen¬ 
tration  of  CuO/ethylene  glycol  nanofluid.  Kole  and  Dey  [143]  observed 
maximum  viscosity  enhancement  of  136%  with  1.5%  volume  concen¬ 
tration  of  Al203/car  engine  oil  nanofluid.  Lee  et  al.  [152]  observed 
maximum  viscosity  enhancement  of  102%  with  3.0%  volume  concen¬ 
tration  of  SiC/water  nanofluid.  Zhu  et  al.  [153]  obtained  69%  viscosity 
enhancement  with  4.11%  of  CaC03/water  nanofluid.  Sundar  et  al.  [146] 
observed  maximum  viscosity  enhancement  of  294%  with  1.0%  volume 
concentration  of  Fe304  nanoparticles  dispersed  in  60:40%  ethylene 
glycol/water  mixture.  Wang  et  al.  [72]  observed  that  the  effective 
viscosity  of  nanofluid  containing  5%  volume  concentration  of  A1203 
nanoparticles  in  distilled  water  was  prepared  by  mechanical  blending 
technique  and  86%  enhancement  was  observed.  They  also  observed 
40%  enhancement  in  viscosity  of  ethylene  glycol  in  the  volume 
concentration  of  3.5%  of  A1203  nanoparticles.  Their  results  state  that 
viscosity  of  nanofluid  also  depends  on  the  dispersion  method.  Duan 
et  al.  [154]  measured  the  viscosity  of  Al203/water  nanofluid  in  the 
volume  concentrations  of  1%,  2%,  3%,  4%  and  5%  and  observed  that  the 
nanofluid  behaves  like  a  non-Newtonian  fluid. 

Nanofluid  viscosity  for  A1203  and  Ti02  is  broadly  studied  and  all 
the  researchers  mostly  explained  the  similar  trend  of  viscosity 
enhancement  with  the  increase  of  particle  volume  concentration. 
Viscosity  of  A1203  nanofluid  with  the  effect  of  particle  volume 
concentration  is  shown  in  Fig.  1. 

5.2.  Effect  of  temperature 

Viscosity  of  nanofluid  with  the  change  of  temperature  is  also 
very  important,  because  for  commercial  applications  of  nanofluids 
in  heat  transfer  equipments  viscosity  at  different  temperatures  is 
required.  In  this  regard,  some  researchers  have  explained  the 
viscosity  of  nanofluid  with  the  effect  of  temperature.  Godson 
et  al.  [123]  measured  the  viscosity  of  silver/water  nanofluid  in 
the  volume  concentrations  from  0.3%  to  0.9%  between  the  tem¬ 
peratures  of  50  °C  and  90  'C  and  found  1.45  times  viscosity 
enhancement  for  0.9%  volume  concentration.  Duangthongsuk 
and  Wongwises  [131  ]  have  obtained  4-15%  viscosity  enhancement 
with  Ti02/water  nanofluid  in  the  volume  concentrations  of  0.2- 
2.0%  and  in  the  temperature  range  of  15-35  °C.  Peyghambarzadeh 
et  al.  [59]  measured  the  viscosity  of  Al203/water  nanofluid  in  the 
volume  concentration  of  0.15-1.0%  in  the  temperature  range  from 
37  °C  to  49  °C.  Chen  et  al.  [155]  found  the  viscosity  ratios  of  CNT 


Fig.  1.  Viscosity  of  A1203  nanofluid  with  effect  of  particle  volume  concentration 
(Kole  and  Dey  [143]). 


nanofluid  to  the  corresponding  value  of  the  base  fluid.  Their 
results  indicate  that,  at  low  volume  fractions  tp  <  0.004,  nanofluids 
have  lower  viscosity  than  the  corresponding  base  fluids  due  to  the 
lubricating  effect  of  nanoparticles.  When  the  volume  fraction  is 
higher  than  0.004,  the  viscosity  increases  with  nanoparticle 
loadings.  When  the  temperature  is  higher  than  55  °C  it  appears 
to  increase  substantially  with  the  temperature.  Anoop  et  al.  [156] 
measured  the  viscosity  of  CuO/ethylene  glycol,  Al203/ethylene 
glycol  and  Al203/water  nanofluids  in  the  temperature  range  from 
20  °C  to  50  °C  and  found  for  all  the  nanofluids  viscosity  decreases 
with  the  increase  of  temperature.  They  also  explained  that 
viscosity  ratio  for  water  based  nanofluid  is  more  compared  to 
viscosity  ratio  of  ethylene  glycol  based  nanofluids.  Yang  et  al.  [24] 
experimentally  measured  kinematic  viscosity  of  graphite/water 
nanofluid  in  the  temperatures  of  35  °C,  43  C,  50  “C  and  70  °C  and 
obtained  44.8  cst  enhancement  at  a  temperature  of  35  C  and 
14.5  cst  at  a  temperature  of  70  C  at  2%  wt  concentration.  Lee  et  al. 
[152]  measured  viscosity  of  SiC/water  nanofluid  in  the  volume 
concentration  range  from  0.0001%  to  3.0%  in  the  temperature 
range  from  28  DC  to  72  °C  and  found  viscosity  enhancement  with 
the  addition  of  nanoparticles.  Pastoriza-Gallego  et  al.  [157]  inves¬ 
tigated  the  viscosity  of  CuO/water  nanofluid  in  the  temperature 
range  from  283.15  K  to  323.15 1<  and  they  also  reported  that 
viscosity  decreases  with  increase  of  temperature  at  323.15  K. 
Masuda  et  al.  [8]  have  measured  for  the  first  time  the  viscosity 
of  water  based  nanofluid  in  the  temperature  range  from  273  I<  to 
340  K.  Turgut  et  al.  [158]  measured  the  viscosity  of  Ti02/water 
nanofluid  in  the  temperature  range  of  13-55  °C  in  the  volume 
concentration  range  of  0.2-3.0%  and  found  a  decrease  of  viscosity 
with  the  increase  of  temperature.  Nguyen  et  al.  [121,159]  mea¬ 
sured  the  viscosity  of  Al203/water  and  CuO/water  nanofluid  in  the 
temperature  range  from  21  °C  to  75  C  and  found  that  the  viscosity 
of  nanofluids  decreases  with  the  increase  of  temperature. 

Namburu  et  al.  [138]  prepared  for  the  first  time  60:40% 
ethylene  glycol/water  mixture  based  CuO  nanofluid  and  also 
developed  correlations.  This  60:40%  ethylene  glycol/water  mixture 
is  the  most  used  fluid  in  building  heating  and  cooling  and  in 
automobile  radiators  in  cold  regions  of  the  world.  They  also 
studied  the  viscosity  of  CuO  nanofluid  in  the  temperature  range 
of  -35  °C  to  50  °C  and  found  viscosity  of  nanofluid  decreases 
exponentially  with  the  increase  of  temperature.  In  another  sub¬ 
sequent  studies  of  Namburu  et  al.  [139,140]  for  A1203  and  Si02 
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nanoparticles  dispersed  in  60:40%  ethylene  glycol/water  mixture 
in  the  temperature  range  -35  °C  to  50  C  they  observed  all  the 
fluids  have  Newtonian  behavior  in  the  tested  volume  concentra¬ 
tion  range.  Sahoo  et  al.  [141]  extended  the  experimental  data  of 
Namburu  et  al.  [138]  by  considering  60:40%  ethylene  glycol/water 
based  A1203  nanofluid  in  the  volume  concentration  range  1.0-10% 
in  the  temperature  range  of  -35  °C  to  90  °C.  Naik  and  Sundar  [81] 
experimentally  determined  the  viscosity  of  30:70%  propylene 
glycol/water  mixture  based  CuO  nanofluid  and  observed  that 
viscosity  decreases  exponentially  with  the  increase  of  temperature 
from  5  °C  to  60  °C.  Kole  and  Dey  [143]  measured  viscosity  of 
50:50%  (car  engine  coolant)  propylene  glycol/water  mixture  based 
A1203  nanofluid  in  the  temperature  range  from  10  °C  to  50  °C  and 
proposed  a  correlation  in  a  similar  way  to  Namburu  et  al.  [138]. 
Another  study  of  Kole  and  Dey  [145]  measured  viscosity  of  gear  oil 
based  CuO  nanofluid  in  the  temperature  range  from  10  °C  to  80  °C 
and  observed  non-Newtonian  behavior  with  the  addition  of  CuO 
nanoparticle  to  gear  oil.  Saeedinia  et  al.  [160]  considered  CuO/base 
oil  nanofluid  in  the  temperature  up  to  70  °C,  Ding  et  al.  [32] 
considered  CNT/water  nanofluid  up  to  40  C,  Ferrouilllat  et  al.  [161] 
considered  Si02/water  nanofluid  up  to  20  DC-70  °C,  Timofeeva  et  al. 
[162]  considered  Si02/synthetic  oil  (Therminol  66)  in  the  tempera¬ 
ture  range  15  C-135  °C,  Yu  et  al.  [163]  considered  ZnO/EG  nanofluid 
in  the  temperature  range  of  20  cC-60  C,  Yu  et  al.  [164]  considered 
SiC/water  nanofluid  in  the  temperature  range  of  25-70  DC,  Buschman 
et  al.  [165]  considered  ceramic/water  nanofluid  in  the  temperature 
up  to  60  C  and  Williams  et  al.  [120]  considered  zirconia/water  and 
alumina/water  nanofluid  in  the  temperature  range  from  20  °C  to 
80  °C  by  measuring  the  viscosity  with  effect  of  temperatures.  All  the 
above  researchers  found  the  similar  trend  of  decrease  in  viscosity  of 
nanofluids  with  the  increase  of  temperatures.  Aladag  et  al.  [166] 
measured  the  viscosity  and  shearing  time  on  viscosity  for  A1203/ 
water  and  CNT/water  based  nanofluids  at  low  concentration  and  low 
temperatures  from  2  °C  to  10  °C  with  stress-controlled  rheometer 
equipped  with  parallel  plate  geometry  under  up  and  down  shear 
stress  ramp.  Viscosity  of  CuO  nanofluid  with  the  effect  of  tempera¬ 
ture  is  shown  in  Fig.  2. 

5.3.  Effect  of  particle  size  and  shape 

Viscosity  of  nanofluid  increases  with  the  increase  of  particle 
concentration.  The  effect  of  particle  size  is  also  very  important  on 
viscosity  of  nanofluid.  Nguyen  et  al.  [121]  measured  the  viscosity 
of  Al203/water  nanofluid  with  the  effect  of  particle  size.  They 
considered  two  particle  sizes  of  36  and  47  nm  of  A1203  and 
observed  that  both  the  nanofluids  below  4%  particle  volume 
concentration  are  exhibiting  the  same  results;  for  higher  particle 
volume  concentration,  viscosity  of  36  nm  size  particle  is  less  than 


Fig.  2.  Viscosity  of  CuO  nanofluid  with  effect  of  temperature  (Namburu  et  al.  [138]). 


the  viscosity  of  47  nm  size  particle.  Prasher  et  al.  [77]  prepared  PG 
based  A1203  nanofluid  with  the  particle  sizes  of  27,  40  and  50  nm 
and  observed  29%,  36%  and  24%  viscosity  enhancement  for  3% 
volume  concentration  respectively.  Anoop  et  al.  [156]  prepared 
water  based  A1203  nanofluid  with  particle  sizes  of  95,  100  and 
150  nm  in  the  particle  weight  concentrations  of  1%,  2%,  4%  and  6% 
and  explained  that  the  viscosity  of  nanofluid  increases  with  the 
decrease  of  particle  size.  Hojjat  et  al.  [167]  prepared  three  different 
nanofluids  by  dispersing  A1203  (25  nm),  CuO  (30-50  nm)  and  Ti02 
(10  nm)  nanoparticles  in  aqueous  solution  of  carboxymethylcellu- 
lose  for  the  estimation  of  viscosity.  They  observed  that  base  fluid 
and  all  nanofluids  exhibited  shear-thinning  rheological  behavior  at 
0.2%  volume  concentration  at  the  temperature  of  25  °C  and  they 
also  observed  that  A1203  nanofluid  viscosity  is  more  than  CuO  and 
Ti02  nanofluids  viscosity.  Murshed  et  al.  [79]  considered  80  nm 
size  of  A1203  and  15  nm  size  of  Ti02  nanoaprticles  dispersed  in 
water  for  the  preparation  of  nanofluids  and  found  maximum  of 
82%  with  Al203/water  nanofluid  and  86%  with  Ti02/water  nano¬ 
fluid  at  5%  volume  concentration.  He  et  al.  [168]  measured  the 
viscosity  of  Ti02/water  nanofluid  with  the  particle  sizes  of  95, 145 
and  210  nm  and  they  observed  a  decrease  in  viscosity  with  the 
increase  in  particle  size.  Chevalier  et  al.  [169]  measured  the 
viscosity  of  Si02/ethanol  nanofluid  with  the  particle  sizes  of  35, 
94  and  190  nm  in  the  particle  concentration  range  of  1.4-7%  and 
discovered  that  viscosity  increases  with  the  decrease  of  particle 
size.  Namburu  et  al.  [140]  measured  the  viscosity  of  different  sizes 
of  20,  50, 100  nm  Si02  nanoparticles  dispersed  in  60:40%  ethylene 
glycol  and  water  mixture  and  found  that  viscosity  decreases  with 
the  increase  of  particle  size.  Pastoriza-Gallego  et  al.  [157]  investi¬ 
gated  the  viscosity  of  CuO/water  nanofluid  with  11  and  23  nm 
particles  size  and  found  maximum  of  73%  and  11.5%  enhancement 
at  weight  concentration  of  10%  respectively.  Timofeeva  et  al.  [170] 
explained  that  the  viscosity  of  nanofluid  is  strongly  dependent  on 
the  particle  shape  and  they  found  higher  results  with  elongated 
particles  like  platelets  and  cylinders  compared  to  spherical  parti¬ 
cles.  Viscosity  of  A1203  nanofluid  with  the  effect  of  particle  size  is 
shown  in  Fig.  3. 


Fig.  3.  Viscosity  of  A1203  nanofluid  with  effect  of  particle  size  (Nguyen  et  al.  [121]). 


682 


L.S.  Sundar  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  25  (2013)  670-686 


5.4.  Effect  of  base  fluid 

Viscosity  of  nanofluid  is  purely  dependent  on  the  viscosity  of 
base  fluid.  Some  researcher  used  water,  ethylene  glycol,  propylene 
glycol,  mixture  of  ethylene  glycol/water  and  mixture  of  propylene 
glycol/water  for  the  preparation  of  nanofluids  and  explained 
that  nanofluid  viscosity  is  strongly  dependent  on  the  base  fluid 
viscosity.  Chen  et  al.  [155]  prepared  MWCNTs  nanofluids  by 
considering  water,  ethylene  glycol,  glycerol  and  silicone  oil  as  base 
fluids  and  observed  that  ethylene  glycol  and  glycerin  based 
nanofluids  diminish  the  viscosity  enhancement  when  the  tem¬ 
perature  is  higher  than  55  °C.  Chen  et  al.  [101]  prepared  Ti02 
nanofluids  by  considering  EG  and  water  as  base  fluids  and  they 
found  maximum  viscosity  enhancement  of  23%  with  1.86%  volume 
concentration  of  Ti02/EG  nanofluid  and  maximum  viscosity 
enhancement  of  11%  with  1.2%  volume  concentration  of  Ti02/ 
water  nanofluid.  Chen  et  al.  [78]  prepared  TNT  nanofluids  by 
considering  water  and  EG  as  base  fluids  and  obtained  viscosity 
enhancement  of  70.96%  at  1.86%  volume  concentration  of  TNT / 
water  nanofluid  and  viscosity  enhancement  of  82%  at  0.6%  volume 
concentration  of  TNT/EG  nanofluid.  Wang  et  al.  [72]  considered 
water  and  EG  as  a  base  fluid  for  the  preparation  of  A1203 
nanofluids.  They  found  the  maximum  viscosity  enhancement  of 
86%  at  6.0%  volume  concentration  of  Al203/water  and  viscosity 
enhancement  of  39%  at  3.5%  volume  concentration  of  A1203/EG  as 
base  fluids.  Yu  et  al.  [136]  considered  aluminum  nitride  nanopar¬ 
ticles  dispersed  in  EG  and  PG  in  order  to  study  the  viscosity  of 
nanofluid  with  the  effect  of  base  fluids.  They  measured  the 
viscosity  in  the  particle  volume  concentration  of  0.1%  and  found 
1.195%  enhancement  with  EG  and  1.375%  enhancement  with  PG 
used  as  a  base  fluid.  Sundar  et  al.  [146]  considered  three  types  of 
base  fluids  like  20:80%,  40:60%  and  60:40%  EG/W  mixtures  for  the 
preparation  of  magnetic  Fe304  nanofluids.  They  found  296% 
viscosity  enhancement  with  60:40%  EG/W  mixture  based  nano¬ 
fluid  compared  to  other  nanofluids  and  also  explained  that  the 
viscosity  of  nanofluid  is  strongly  dependent  on  the  viscosity  of 
base  fluid.  Viscosity  of  Fe304  nanofluid  with  the  effect  of  base  fluid 
is  shown  in  Fig.  4. 


6.  Conclusions 

In  this  review  an  attempt  has  been  made  to  understand  the 
viscosity  of  nanofluids  both  experimentally  and  theoretically 
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Fig.  4.  Viscosity  of  Fe304  nanofluid  with  effect  of  base  fluid  (Sundar  et  al.  [146]). 


through  the  available  literature.  The  review  is  also  extended  to 
the  viscosity  of  nanofluids  with  the  effect  of  particle  volume 
concentration,  temperature,  particle  size  and  shape  and  base  fluid. 
Most  of  the  investigators  obtained  viscosity  enhancement  with  the 
dispersion  of  nanoparticles  in  the  base  fluid  and  further  enhance¬ 
ment  was  also  obtained  with  the  increase  of  particle  concentra¬ 
tion.  Viscosity  of  nanofluid  decreases  with  the  increase  of 
temperature.  Empirical  correlations  are  available  to  estimate  the 
viscosity  of  nanofluids  with  the  effect  of  particle  volume  concen¬ 
tration  and  temperature.  Some  few  correlations  are  available  for 
the  estimation  of  viscosity  with  the  effect  of  particle  size.  Particle 
size  is  also  an  important  parameter  for  the  estimation  of  viscosity 
of  nanofluids.  No  exact  theoretical  mechanism  or  empirical  corre¬ 
lations  are  available  for  the  estimation  of  viscosity  of  nanofluids. 

For  the  practical  application  of  nanofluids  in  mechanical 
devices  like  heat  exchangers  and  condensers,  it  is  very  essential 
to  study  the  viscosity  and  rheological  behavior  of  nanofluids.  There 
is  a  small  deviation  in  the  published  results.  Researchers  reported 
that  nanofluids  exhibit  Newtonian  behavior  [10,72,76-78,101,118, 
138,143,156,160,166,169]  and  some  researchers  reported  nano¬ 
fluids  exhibit  non-Newtonian  behavior  [167,100,166,9,78,75,147], 

Before  measuring  the  viscosity  of  nanofluids  make  sure  that 
particles  are  uniformly  dispersed  in  the  base  fluid.  The  viscosity  of 
Al203/water  nanofluids  was  measured  by  various  researchers  like 
Hojjat  et  al.  [167],  Lee  et  al.  [71],  Hwang  et  al.  [31],  Chandasekar 
et  al.  [107],  Anoop  et  al.  [156],  Murshed  et  al.  [79],  Pak  and  Cho 
[68]  and  Wang  et  al.  [72].  With  the  use  of  the  same  nanoparticles 
and  base  fluid,  they  obtained  different  percentages  of  viscosity 
enhancement.  This  is  caused  due  to  various  particles  size,  volume 
concentrations  and  different  methods  of  the  preparation  of  nano¬ 
fluid.  In  a  similar  way,  the  viscosity  of  Ti02/water  nanofluid 
wasmeasured  by  Murshed  et  al.  [79]  and  Chen  et  al.  [101]  and 
they  obtained  different  viscosity  enhancements.  Because  of  var¬ 
ious  nanoparticle  sizes  they  obtained  different  viscosity  enhance¬ 
ments.  With  the  same  nanofluids  and  same  volume  concentrations 
researchers  published  different  viscosity  enhancements.  There  is  a 
lot  of  discussion  on  the  viscosity  of  nanofluids  with  the  effect  of 
particle  size.  Some  researchers  reported  that  there  is  no  significant 
effect  on  viscosity  with  the  particle  size  [77],  but  most  of  the 
researchers  reported  that  particle  size  and  shape  are  also  impor¬ 
tant  to  determine  nanofluid  viscosity.  Most  of  the  researchers 
expressed  that  the  viscosity  of  nanofluid  increases  with  the 
decrease  of  particle  size  [169,138,156,157,174]  and  some  expressed 
that  viscosity  decreases  with  the  increase  of  particle  size  [77,121, 
159,168], 

Viscosity  of  nanofluid  increases  linearly  with  the  increase  of 
volume  concentration  which  has  been  obtained  by  Nguyen  et  al. 
[121]  and  Maiga  et  al.  [122]  for  Al203/water,  Duanthongsuk  and 
Wongwises  [131]  for  Ti02/water,  Godson  et  al.  [123]  for  silver/ 
water,  Rea  et  al.  [119]  for  zirconia/water,  Boboo  et  al.  [70]  for 
MWCNT/water  and  Vikili-Nezhaad  and  Dorang  [134]  for  SMCNT/ 
lube  oil.  Some  other  researchers  like  Namburu  et  al.  [139]  by 
dispersing  A1203,  CuO  and  Si02  in  60:40%  ethylene  glycol  and 
water  mixture,  Tseng  and  Chen  [117]  in  Ni/terpineol  and  Sundar 
et  al.  [146]  by  dispersing  Fe304  in  20:80%,  40:60%  and  60:40% 
ethylene  glycol  and  water  mixture  obtained  that  the  viscosity  of 
nanofluid  increases  non-linearly  with  the  increase  of  volume 
concentration.  For  viscosities  of  graphite  based  nanofluid  Dung 
et  al.  [147]  estimated  and  observed  shear  thinning  non-Newtonian 
behavior.  A  benchmark  study  on  the  viscosity  of  different  kinds  of 
nanofluids  was  performed  by  Venerus  et  al.  [182]  for  heat  transfer 
applications. 

There  is  no  common  empirical  correlation  and  theoretical 
model  for  the  estimation  of  viscosity  of  all  nanofluids  with  effect 
of  particle  concentration,  size  and  temperature.  With  this  result 
more  investigations  are  needed  for  the  viscosity  of  nanofluids  to 
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develop  a  common  empirical  equation  and  also  further  investiga¬ 
tions  would  be  helpful  to  obtain  more  reliable  data  for  the 
upcoming  nanofluid  applications. 
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